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Ic is designed to measure the fluorescence light emitted from the

trans£clons IS - 2P of La line (t = 1215 _) or 2P - 3S or 2P - 3D of

Ha line (_ - 6563 A), e_cited by the laser induced fluorescence method.

The slgnal-to-ncise ratio (S/K) is evnluaced at the measurement in the

parameter (_e = 1012 - I0!_ cm-3, Te = I0 eV - I KeV) of toka_ak plasma.

The light paths in JFT-2H and JT-60 tokamaks are proposed.

Ke)-aords : Neutral Hydrogen, _L_ Line, L_ Line, Laser Induced
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i. Introduction

Measuring of neutral hydrogen atom density in plasma seemsto be important not
only for consideration of the relationships between the flux of hydrogen atoms

and H modebut also for calculation of the fuel supply efficiency of reactors

and the combustion rate (Reference i and 2). To obtain the neutral hydrogen atom

density, there is a method which measuresthe emitted H_ line or L_ line with a

photodiode or a photomultiplier tube. This methodmeasures in continuous-time
but it is difficult to calculate the spatial distribution and the absolute values

accurately. This is becausewhenit is calculated with Abelian transformation,

it is significantly influenced by the shape of the area near the plasma and the

measurementaccuracy of that area and also the density of the center can not be
obtained due to the large difference as muchas I06-7cm-3 between the center and

area around the center in the neutral hydrogen atom density. Also the flux of

the hydrogen atom can not be measuredwith this method. There is another method

which measuresneutral particles emitted from plasma with a charge exchange

neutral particles analyzer. This method assumesthe spatial distribution of the

neutral particles,then calculates the neutral hydrogen atom density with the

plasma parameters. A method which does not have the above mentioned weak points
is the Laser Induced Fluorescence Method (LIFM) which has the capability to

measure in continuous-time. In this method, the laser beamthat has a wave

length corresponding to the energy width of arbitrary transitions of the hydrogen

atom is injected into plasma. Then the atom,excited by the laser beam, emits flu-

orescent light and the neutral hydrogen atom density is calculated by measuring

the change of the emitted light.

/i

This report discusses the case that the signal to noise ratio (S/N)twhich is an

important factor for the measurement of neutral hydrogen atom density by the

laser induced fluorescence method with H_line transitions ( _= 6563_) or La_ line

transition (; = 1215_) is applied to tokamak plasma. The past D-NI measured

deuterium atom density (nD) of i012m-3 (Reference 3) but measurement of hydrogen

atom density in the diverter of the ASDEX required much effort (Reference 4).

In Japan, Kyushu University is studying LIFM and it has been applied to tokamak

plasma (Reference 5).

.



In this reporttthe following three subjects are discussed, i) Fluorescence of H_

line emitted by excited hydrogen atoms at the n=2 level by laser beam. 2) Fluores-

cence of L_ line in the same manner as i). 3) Fluorescence of H_line emitted

from the excited hydrogen atoms at the n=3 level by laser beam. To study the

S/N of these cases, the fundamental differential equations for calculation of

fluorescence is discussed first, and the present apparatus and physical quantity ;

i.e, laser beam, detector, filter and other optics parts are described and also

the plasma parameters are described and lastly, the influence of calibration

method of the measurement apparatus and the magnetic field is discussed.

2. Fluorescence from neutral hydrogen excited by dye laser into n= 2_3 level

2.1. General

In the case that many hydrogen atoms collide with electrons in the plasma and

the atoms are excited by transition from the n=2 level to the n=3 level and

return to the low energy level in a short time, light is emitted. When the

electron temperature and density in this light (called fluorescence hereafter)

are known, the hydrogen atom density can be obtained by H_ line fluorescence

measurement. The fundamental experiment with this method was performed by Burakov

(Reference 6 and 7). LaterrHackmann (Reference 8) measured hydrogen atom density

withatokamak apparatus and Muller (Reference 3) measured it with a Doublet ]]I.

2.2. Fundamental formulas

The important fundamental formulas for understanding the method are described.

At first the following assumptions are made. The excitation from the ground

state to the n=2 level and to the n=3 level is only 2 kinds (I _2 and 1 _ 3).

(2 _ 3 is neglected because it is small compared with 1 _3.) The energy density

of the incidence laser beam of the H_ line (6563_) is written u_ The polarized

light of the incidence laser beam and the fluorescence is negligible (Refer to

Appendix B).

The excitation rates, RI2 and R13, of the transition from level 1 to 2 and from

i to 3 per unit time are

R12 =ne<¢. v e> R,_ =n e<_ll ve > I)

o

/2



The differential equations of each excitation level are

dn2/d t =R,.. n, +A,2 n i +B** p(v) n2 - AzJ n2 2)

dnl./dt=R,_ n,- (A.,I+A,2)n3-B.P(")n_+B. P(v)n2 3)

where B23_(_) and B32 p(_)l are the induced excitation and the induced emission

ratio by the laser beam respectively. The explanation for the other symbols is

shown in Table i. The excitation and emission process of the energy in Equation

2) and 3) is shown in Fig. I. The d/dt in Equation 2) and 3) equals 0 in the

equilibrium state. Here, the following 2 cases are considered.

i) The case of RI3 = 0

From Equation 3),

n3/r,:=B,l PC_)/(A3,+A,, +B_, _Cv))

g,p(_) p(_,) g_ S"
= .,- { l_- } = 4)
g,X p(_) XP(_,) g, IJ'_*

o_ I 2
where B23=B32g3/g2 , A32=B32=8,T h _3/c3= p ( 0o)t£g's'cm -2.A ,_ = f (J_)

ORIGINAL PAGE IS
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Table i. Explanation of symbols /_

Aik : Natural emission ratio from i level to k level

(A32=4.3'I07 s-I collision

=5.4"107 s-I no collision

A31=5.5"I07 s-I collision

=0 s-I no collision

A21=4.7"I08 s-I collision

=6.3"108 s-I no collision)

_mBik : Induced emission ratio from i level to k level

_mBki _: Induced absorption ratio from k level to i level

Wik

Pt_l

gi

_,k

V e

Vg

Rik

m e

ni

nio

n e

I

fik

_ko_

Tr

c

M

Tg

: Induced emission (absorption) ratio, JP{_}_Bik + Aik

: Laser energy density per frequency, 08_h_'C_(eh_r-l)

: Statistical weight

(gl = 6

g2 = 4

g3 = 9)

: Excitation cross section area from level i to level k by electron

: Velocity of electron

: Velocity of atom

: Excitation ratio from level i to level k

: Mass of electron

: Number of atoms at level i at the time of laser irradiation, atoms'cm -3

: Number of atoms at level i at the time of no laser irradiation

: Electron density

: Wave length (_: laser beam incident wave length)

: Laser irradiation output density J'cm-2s -I

: Laser irradiation output density J-cm-2s-iA-Isr -I

: Oscillator strength for transition from level i to level k

: Solid angle

: Transmittance of observation system

: Quantum efficiency

: Frequency

: Frequency of laser beam

: Luminous flux ORIGINA_ PAGE 1_

: Mass of hydrogen atom OF POOR QUALITY

: Temperature of hydrogen atom gas
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Also

X = (A32 + A31)/A32

S _= #(_)/(X ¢o (_)_=p(_)/(X p(_Ü_
= Saturation Parameter 5)

#0 (A)=8=hc*/; s = 123 W'cm-2"_ -I = Required laser output for saturation.

Intensity of the H_ line depends on Equation 4) which is expressed with the

saturation parameter. The n3/n 2 against the saturation parameter is shown

in Fig. 2. From the figure, S_ is 1.7 at 63% and in the case that the collision

dominates (thermal equilibrium at the transitions of 3S,3P and 3D), X is 2.27

otherwise X is i. For these values, the n3/n 2 ratio is 0.8 - 0.9 when the

laser power of 1KW'cm-2"_ -I is input.

/4

A31

n - 3 (3S,3P,3D!

n - 2 (2S,2P}

n- ! (lS]

Fig. 1 Excitation and emission process of hydrogen atom at irradiation

of Laline and Ha line

,
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Fig. 2 Excitation particle number against saturation parameter

_) The case of S*>>I

Under the condition, from Equation 4),

nz/nz =g_/g_
6)

When the laser beam is applied, the equilibrium relations between the collision

excitation by the electrons and the radiation damping occurs at the n=1 level.

Thus

nl0Rl2+nl0Rl3 = n2A21+n3A31

and n3/n 2 is

n:./n,o =(R,z+Rt_)./(g_/g_'A2,+A3,) 7).

When the laser beam is not applied, d/dt=0 in Equation 3) then,

n 3o.-"n,o =R,_/(R3, +R3z)
8)

The ratio of the number of particles of the case that the laser beam is applied

and the case of not applied at the n=3 level is obtained from Equation 7) and

8) and is

n3 (R. + R,s) (A_z+A3_)
- 9)

n3e Rt3 (g2-'g: -A_, +A11)

In the plasma, the term of loss .ia3ve>n_ by collision excitation by the elec-

tron from the 3-1evel must be considered in Equation 8) and 9). Thus, Equation

8) and 9) are

i0.

/_5
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l]]n RI3

nlo Ast + A_z *'/.°_ ve >ne
8a )

n_ (RIz a" RI3) (A" *A'z+/" "3 re> ne) 9a)

n_o R.(gz./gj- An+A*,+ <*zve >he)

•6O3ve>ne is calculated by Reference 9) and is shown in Table 2. The RI3/RI2

in the plasma in the range of the electron temperature of 100eV to lO00eV is

about 0.18 (Reference i0). The increment of the hydrogen atom density at the

n=3 level is

dn3 =nz-nzo =(n3/n_- l)n3o 10)

and the relationships between 4n35 and nlO is obtained as follows from Equation

8a) and 9a).

Jn3= _,._/Rm2)(g2/gn'A,l+A:3, *'/. *3 v,, > n,r) I f

Rl] 1'118

• I1)
A_l +A_2 +'_. o_ vc> ne

The variation of Zxn3/nlon e for Te with the parameter of ne in the range of

ne=107 to 1014cm -3 is shown in Fig. 3. From the figure, it can be seen that

zXn3/nlone is about constant at Te>O.4KeV.

/6_

Table 2 Excitation ratio by the collision process from 3-level

(<%re >he )

50 eV

lot4 _-3

8O0

3.7-10es"l

i0 tz crn-3 1013 cm-3

3.7.10_s-_ 3.7.107s-_

E.2 5.2

7.4 7.4

10.4 10.4

12.7 12.7

t4.8 14.8

16.5 t6.5

lO0 5.2

200 7.4

400 10.4

600 12.7
14.8

tO00 16.5

11.
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POPULATION RATIO An3/ {nlone) (50"47cm"3)

Fig. 3 Number of excitation particles for electron temperature

(nlo=lO 7 - lO 14 cm-3)

2.3 Signal to Noise ratio (S/N) in tokamak plasma

This paragraph discusses the parameters for JFT-2M and JT-60 plasma.

background light is discussed in Appendix A.

i) S/N in the boundary layer

The following ranges are considered as the parameters of plasma.

The

/7

ne= 10 '='== cm"_ . Te= 10- 50 el'.

.f Q=8- 10"=sr 8 = 05

where V is fluorescent radiation volume, dQis observation solid angle and _ is

transmittance of filter for the H_ line. For instance, _n 3 is obtained as

20"i06cm -3 from Equation ii) or from Fig. 3 for the average values of nlO =

i010cm-3, ne=2"1ol2cm -3 and Te=lOeV. In this fluorescence, the fluorescence

entering the detector is

N=" r =(Jn_ .aLl=) JQ. &." 4 =

-3
= 3" 101°s-'cm 12)

12.
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Whenthe oscillation time of the laser is-= = 5"i0-6s and the quantumeffici-

ency of the detector is -_ =5%, the number of photo-electrons per pulse of the

laser beam is

Npe = 7.5.104 13)

The number of photo-electrons of the background light per pulse is

Nbpe = 8.105 14)

Thus the signal to noise ratio is

15)

= 5_

Therefore, there is no problem for measurement even though :here is indeter-

minacy from not considering the emitted light intensity of the background

light. However, the following items can be pointed out as methods to improve

the S/N ratio.

I. Use the photomultiplier having the highest quantum efficiency.

2. The S/N increases with further distance from the inner wall of the vacuum

vessel. (Decrease of nlO is small compared with increase of ne and Te.)

2) S/N in the plasma core

Next, the range of the plasma, hydrogen atom density n10 = 106-10 cm -3, ne =

i013-14cm-3 and T e = I-IOKeV is considered. As the standard, the plasma of

nl 0 = 107cm -3, ne = 5-1013cm -3 and Te = IKeV is considered. In this case

n3 = 6500cm -3 and the number of photo-electrons, Npe is 220. The background

light is the same as Equation 14).

S/N = 0.2 16)

The fluorescence measurement in the plasma core is under the limit but the

measurement becomes possible by moving the measurement point from the plasma

core so that n10 increases.

The following items can be pointed out as methods to make S/N>1.

i. Increase the diameter So of the laser beam or lengthen the observation

length to make the observation volume of fluorescence i0 times larger.

2. Perform the smoothing process with a high repetition laser oscillator

(lOOHz) rather than 1 pulse of laser beam.

13.

/_8
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3. The background light is emitted from the place of low Te at the area near the

plasma thus, the wave length is shifted from that of the core. Therefore,

a filter can be used to shield the background light. The damping is around

1/3.

In the case that the smoothing process of item 2 is performed for lOOms, S/N is

S/N = 34 17)

This indicates that measurement of hydrogen atom density is satisfactorily

possible at the plasma core.

3) Calibration method (Reference ii)

As the calibration method, Rayleigh scattering with Ar gas or N 2 gas can be con-

sidered. When density of the filler gas is no , the number of photons of the

incident laser beam is Io cm-2"s -1, the number of photons obtained from Rayleigh

scattering is given by

@a=no aRlo V d_,/4 _ 18)

When the increment of the hydrogen atom density excited to n=3 level is Zln 3, the

number of photons _ of fluorescence is given by

@F = Jn3 A'_ I° V d Q" 4 r'rS°
19)

From Equation 18) and 19),

_}/¢R= dna An/'(no _)- rS, 20)

Now, when the pulse duration of the laser beam is around iOns and Io of Equation

19) is replaced with Is#Io/Is (Reference 12) and when K is written as Equation 21),

" d n3i is

21)

dn_ =K _ _r 22)

The advantages and disadvantages of this method are as follows.

Advantages

i. High spatial resolution thus, accurate measurement of hydrogen atom density

at the edge of the plasma is possible.

2. As the result of development of the laser oscillation apparatus having suf-

ficient laser output and pulse duration, continuous variation of fluorescence

/--9

14.



can be observed.
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Disadvantages

I. Measurement of Te and ne is required besides measurement of the H=line fluores-

cence.

2. Intensity of Ha _ line background light in the plasma dominates the value of $/N.

3. Components of non-thermal noise of the Ha line background light is important

but it is not clear.

4. A viewing damper is required for elimination of stray light from the laser

beam.

3. L_line fluorescence from neutral hydrogen excited by dye laser

The laser beam with the wave length of the L a line is obtained by converting the

laser beam of 3645_ with krypton or beryllium gas to THG (Reference 3, 4, 13 to

15). XeCI excima laser excitation TMI dye laser oscillation apparatus is a laser

oscillator for this purpose. The characteristics of this apparatus are output

energy per pulse E=I.5 pJ(Po=1012/pulse), r=5_s,, band width Id_=10-_A.i and about

20Hz of repetition (Reference 15). When the laser beam of flux Po is input into

the optically thin gas, the absorbed power is

-dl/dt = (nl W.-n2Wn )ch v

=(n, "ga/gj-n,) cSg(_ - u,) po/(8..zt,_.,) 23)

/11:)

where WI2 and W21 are induced excitation and induced emission ratio by laser beam

respectively and are given as follows.

W,_ = (g,/g, ) W,,

_",..z=c_Po g (_-_o)/(8"h"3t.,o.,)..

The actual emission spectral line is expressed with a Gaussian type or Lorentz's

type. This emission beam of the L_ line has Doppler shift due to the velocity

distribution of the particles. When the gas is in an equilibrium state, the

velocity distribution of the particles is Maxwellian velocity distribution and

the frequency distribution of the emission beam is Gaussian type g :(_-_o) , i.e,

15.
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g (. _)=2,/_-_/,/7j. D

• exp(-4(|n 2) (,'- _o)2 /(J_D) z } 24)

where'JvD is full width at half maximum which is given as follows.

du D = 2 vo _2k Teln 2/Me z 25)

This is the Doppler width. The relationships between the velocity of particles

and the frequency is

J_D = _-_o =v/c" _, 26)

By measuring the broadening of spectrum J_D, the particle velocity V at the

measuring point is obtained. Details of the particle velocity are not discussed

in this report. Now, tspon t is related to oscillator strength f21 and is given

as follows.

t,p_,=,n_ c'/ (8_Ze ' _2 f2' ) 2_)

When Tg=4"IO5K, the Doppler widthJ _ is 0.55_ from ,at,=- a2/'c" J up)" With

Equation 25) to 27) and with consideration of n1>>n2, Equation 23) is written

as follows.

d [/dz = (83 " 10-'s n, f,, ,i_ gz Po/,l JOg,

)2"exp{-4(In2) (_'- Po)l /(,Ji'D } 28)

/ 1_.1_1

where c dt = dz.

With f21=0.42, nldZ=2"101Ocm-2 Jab =0.55_, 4o=lO-2sr, total transmittance of

the optical system Tr=O.12 and quantum efficiency;v =0.15 and since the absorption

power of the laser beam is considered as the increment of fluorescence, the

number of photoelectrons at the center (_o) of the spectral distribution is

obtained by Equation 28) and is

Npe = 1800 29)

On the other hand, with So=icm 2, Tr=0.25 and _=5 ps, the number of photoelectrons

16.
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of the background light is 3750. Therefore, S/N is

S/N = 19 30)

As can be found in Equation 28), the signal is proportional to n I and S/N is

proportional to _I" The previously mentioned Rayleigh scattering can be used

for the calibration.

The following advantages and disadvantages can be pointed out for this method.

Advantages

i. The velocity distribution function of the hydrogen atom can be obtained by

measuring the spectral distribution.

2. The measured results are not related to ne and Te.

Disadvantage

I. The most sophisticated laser oscillator is required. Table 3 shows the

present status of laser oscillators for LIFM.

17.
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l_k YAG I/--_-

Ar(_VTbY)

ArF °) I/-_'-

l_h T _._,-_'-

700 mJ

12_200 mJ

400 mJ

4_lOmJ

18 w

t !_-

o i]-_.

o _TPJ

o _l

o _T_

o "T_

300 mJ

8-'-9 It S

I_5 /Is

15 ns

50ps_

10ns

¢_-- IN -

.... CH- _:,_

I O0 llz

20 Hz

250 IIz

50 Hz

CW

_I00 Hz

w

Table 3

i- Type

4- Gas

6-YAG laser

9-Ar(Krypton) laser

12- (Dye laser output)

15- Visible

18- Under development

Present status of laser oscillators for LIFM

2- Solid 3- Liquid

5- Excitation laser oscillator

7-Excima laser

lO-Ar2_(or ArF_) laser

13- Dye laser

16- Ultraviolet

19- Maximum cycles

8- N2 laser

11- Output energy

14- Wave length

17- Pulse duration

20- Note : Visible light can be converted to ultraviolet by the crystal for SHG

(generation of double harmonics) or the gas for THG (generation of triple

harmonics).

18.
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4. _Gline fluorescence obtained by resonant excitation into n=l _2 level

The fluorescence of the H u line spectrum emitted due to the transition from the

n=3 to 2 is measured when the excitation into the n=l +2 level occurred with the

laser beam oscillated by the L_ line. The absorption power of the laser beam is

previously mentioned JnEquation 23). When the laser beam is being absorbed, the

number of H_ line photons emitted per second is obtained from Equation 2) and is

as follows.

Jn3Aaz=R. nil(gi/g3 • Azl/Aiz+I) 31)

where n2=-g2/g3"n3exp(h_/kTg) and h _<<kTg. For n=3S, 3P and 3D level, the

electrons are distributed like a statistical distribution. Even in the case

that only the 3S and 3D level are excited, the sliDDage from Equation 31) can

be ignored (Reference 16). Rl2n I in Equation 31) equals the fluorescence of

the L_ line emitted from the incidence of the laser beam oscillated with the

wave length of the L a line. The number of photons of the H_ line spectrum is

0.17 times ((=g2/g3"A21/A32+l)-l) less than the number of photons of the L_ line.

The quantum efficiency of the detector _=0.i in the case of the H_ line while

=0.15 in the case of the L_ line. But the transmittance of the observation

system is twice more for the wave length of the H_ line. Therefore, the number

of the detected Ha line photons is 400 compared with the previously mentioned

1800. In a similar manner, the number of photoelectrons obtained of the back-

ground light is 860 thus, S/N is

S/N = 9 32)

Therefore, the measurement by this method is possible. The following item can

be pointed out as the advantage of this method.

I. The H= line is less influenced by the optical parts than the L= line thus

the longer optical path can be used which makes the magnetic shield easy.

5. Application to tokamak plasma

This chapter discusses some points at issue in the case that the laser induced

fluorescence method is applied to the JFT-2M and JT-60 tokamaks of the Japan

Atomic Energy Research Institute.

/13
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5.1 ,_a line fluoresence in plasma boundary

When the neutral hydrogen atom density is obtained from the measurement of the

H_ line fluoresence, measurement of the electron temperature and density is

required. As the measurement apparatus for the above data, a Thomson scattering

measurement device and a probe measurement device are used. This equipment is

the established equipment for measurement so there is no problem for a general

experiment. Fig.4 (a) and (b) shows the arrangement which can measure the H_

line spectrum using the JFT-2M and the JT-60. In the figures, the measurement

arrangement of the L_ line spectrum is also shown. In Fig.4(a), THG is located

in a lower position so that it is off the path of the incident laser beam and

in Fig.4(b), the path of the laser beam in which the laser beam goes from

bottom to top is adapted. For the light receiving system, the optical system

written "Hx" is used.

The output beam diameter of the laser oscillator is 5 x 5 mm2; it is magnified

2

4 times to 20 x 20 mm with the lens with focal length f=12Ocm. To reduce the

stray light, pin holes are made at the focal point of the lens. The diameter

of the laser at the upper or lower port of the tokamak apparatus is about 3 cm.

The observation volume of fluorescence is about 10 cm 3 and is measured from the

side (It is interesting to measure in the same direction but it requires more

studies,thus it will be studied in the future.). A viewing damper and laser beam

damper arealsoinstalledto reduce the stray light. This influences the S/N sig-

nificantly,but this technique has been established for the Thomson scattering

equipment (Reference 17). To improve the S/N, the collecting lens is located

as close as possible to the plasma to increase the observation solid angle and

it is desired that the diameter of the lens or mirror is about 20 cm. With this

lens, fluorescence of the H_ line is collected on the filter (Band width:
O

about 20 A) and it is guided to the photomultiplier with the optical fiber.

(The location of the filter and the optical fiber can be reversed.) The photo-

multiplier has to be located far from the tokamak equipment and also it has to

be sufficiently magnetically shielded so that it is not influenced by the

magnetic field. This technique has also been established with the Thomson

scattering equipment (Reference 16). As an example, the characteristics of the

°laser beam that fit this measurement are r=S_s., P=5kW , J_=IOA. E=250mJ/pulse

and the cycle is more than lOHz.
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5.2 H_ line fluorescence in plasma core

In the case that the hydrogen atom density in the plasma core is more than about

107cm-3, nI can be determined by measuring the fluorescence. The optical system

is the sameas the one mentioned in paragraph 5.1. The characteristics of the

laser beamthat fit this measurementare r =Sl, s P= 50k\VA, J_> 20A, E=5J/pulse

and the cycle is more than lOHz. This kind of laser oscillator belongs to the

highest class oscillators at the present time.

21.



OF POOR QUAI_ITY

11.5

THG (For La line}

Fiber

Collecting
lens

Fiiter Filter

E _Detec,o,.

array (Ha}

ColIoctir..g
lens

DATA PROCESS

g

I RI3IO
I

(Laser beam dump )

Fig. 4(a) Optical path for H_ and L_ line fluorescence with JET-2M

: 22.



OF PO_)R ,_UALJ.TY

/ 1__66

line

DATA PROCESS

GL

Dya laserbeG'n

{Fr_-nThomson

Scatteringroom )

(b) Optical path for Hg and Le fluorescence with JT-60

23.



5.3 ha line fluorescence

When the hydrogen atom density is determined by measuring the L_ line fluorescence,

measurement of the electron temperature and density is not required. The optical

system is the same as the system for measurement of H_ line fluorescence except

the laser oscillator, window, lens, filter and detector. The produceable dia-

meter of the collecting lens of the laser beam (3235A) and the incident window

is around 3cm when LiF or MgF 2 is used for the glass material. The incident

laser beam is transformed to the triple harmonics with the gas (krypton gas cell

and etc.) for the triple harmonics generation (THG) in the vessel. Examples of

the optical system are shown in Fig. 4(a) and (b). The optical system in the

IN2 port is used in the system shown in Fig. 4(b). The optical system written

with L_ in Fig. 4(a) and (b) is used for the light receiving system. In this

system, the observing system is important;J.e, when the system uses about 10-2sr

of solid angle, the produceability of the satisfactory LiF lens has to be con-

sidered. Also the reflection system of the mirror has to be considered besides

the lens_but this is not discussed here and it will be a future study.

Some photomultipliers have CsI (used at less than 1950A) or KBr (used at less

than 1700A) on the cathode screen and the occurrence of absorption of oxygen on

the surface of the photomultiplier in the vessel is considered. This plays a

role aL a filter for L_ line fluorescence. Usually the oxygen absorption cells

are installed as the filter. The excima excitation dye laser oscillator has a

35 mJ/pulse of the fundamental wave output (3647A) and 1012 (l.6"lO-3mJ) of photons

are obtained at the triple harmonics output (1215A) after passing the Kr-Ar mix-

ture gas.

5.4 Ha line fluorescence from neutral hydrogen excited simultaneously by dye

lasers with H_ or L= lines

To eliminate problems occuring in the observation system for L_ line fluorescence

observation as mentioned previously, similtaneous excitation of neutral hydrogen

atoms by the laser beam with the L_ or H_ lines is considered. Incidence of the

laser beams with the H_ line and the L_ line to the tokamak apparatus with the

coaxial optical system is required. Thus, matching of the laser apparatus is

necessary and it would be complex. However, when it is necessary to disconnect

/1._7..7
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the detector from the tokamak apparatus, adaption of this measurement system

should be considered.

6. Conclusion

It is possible to obtain the neutral hydrogen atom density by applying the

fluorescence measurement method to regular tokamak plasma with resonance ex-

citation of the H_ line. This method has the strong point of spacial resolution

compared with the natural emitted light measurement method of the H_ line but

calculation of the neutral hydrogen atom density requires the electron temp-

erature, T e and the electron density, ne and accuracy of these is important. In

the case of less than no=105cm -3, the measurement of the hydrogen atom density

and the velocity distribution at the plasma core is difficult.

/1_k8

In the L_ line fluorescence measurement, the optical parts used are small thus

accurate measurement of the hydrogen atom density and the velocity distribution

in the shadow of the limiter is obtained. However, a long optical path in vacuum

conditions should be avoided because of consideration of the light receiving

solid angle and the self absorption of the optical parts. The simultaneous

resonance excitation by the L_line and H_ line laser beam solves this problem.
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Appendix A: Intensity estimation of background light in tokamak plasma

The background light which becomes the noise component for measurement of the

hydrogen atom is mainlytheemissionlightfrcmthehydrogen atcms surroundingtheplasma. The

velocity distribution of the hydrogen atoms surrounding the plasma is the

Maxwellian velocity distribution. The slow velocity component of the

distribution is Tg=leV and the fast velocity component is Tg=3OeV and close to

the Gaussian type. When the particles which enter the plasma are considered

with the fast component only, the average velocity of the particles toward the

plasma core is

v _ :_/,/'Tv, foo= v_ exp { - (vr."Vo)' }av
0

=J_'/x _/kTg/M = 4" 106cm/s

/2___9_0

where M is mass of the hydrogen atom. For instance in the case of the hydrogen

atom density no=lOlOcm-3, half enter the plasma core and the other half is

considered to be returned to the wall and Jn this case, the particle flux is

noVg/2=2"1Ol6cm-2"s-l. In this particle flux, some of them are ionized or

turn toward the wall from the plasma core caused by the charge exchange recom-

bination. If the coefficient is 2, the particle flux locked in the plasma by

ionization is 1"1016cm-2"S -I. The ratio of excitation of hydrogen atoms and

the ionization ratio are proportional and the ratio is 0.8 for the L_ line

radiation intensity and i0 for the H_ line radiation intensity. In the

observation in the horizontal direction, the background light is radiated in

4_space in all ranges. Thus the background light radiation intensity is

1.6"lOl4sr-lcm-2s -I against the Ha line radiation light and 2"1015sr-lcm-2s -I

against the L_line radiation light. The variation of number of the radiation

photons nH_ and nL# of the H_ line and the L_ line against Tg is shown in

Fig.5.
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Appendix B: Zeemaneffect and polarization
The atom with the electron with the resultant spin quantumnumberS=Ois emitted

in the magnetic field. In thiscase, the spectnmoftheatcmchangesdue to effects of

the magnetic field. The spectral line by the Zeemaneffect is the light emitted
whenthe transition in the different levels of the total angular momentumJ of

the electron in the atom occurs and the frequency is shifted 40 to both sides

of the frequency in the case of no existence of the magnetic field H.

J _ =ig #sH/h

whereg is the Lande's factor and Pa is the Bohr magneton.

When it is assumed that the magnetic field at the outer boundary of tokamak plasma

is less than 2.5T. The split of the fluorescence by the magnetic field of 2.5T

is the result from the split of the _ component of the normal Zeeman effect and

it is ± O.OI7A for the fluorescence of the LFline and ±0.5_ for the fluorescence

of the Ha line. The split space of the _component equals the Doppler broadening

A_\ D observed at Tg=4eV for the H_ line and at Tg=O.13eV for the L_ line. On the

other hand, the split is very small, about 0.152 for the H_ line and about 0.0054

for the L_ line when the i_Fcomponent is excited by the polarized laser beam.

Therefore in either case, the split for the fluorescence of the L_ line is very

small and the effect on the measurement results of the spectral distribution can

be ignored.

Also the Zeeman effect effects the polarization characteristics of fluorescence

and the angle distribution of radiation. When the magnetic field is 2.5T and

S<<I, the polarization of the fluorescence of the L_ line approximately equals

the polarization for the normal Zeeman triplet level, i.e, when the laser beam

is injected in the plasma in the same direction as the E polarized light, the

fluorescence is polarized. When the _I- component of 90 ° against the polarization

plane of the laser beam is observed, the intensity of fluorescence increases 1.5

times compared with the other cases. This is because the hydrogen atom is not

radiated in the direction of the magnetic field.

However, it should be noticed that the fluorescence of the H_ line is a little

polarized. When S>>I, the fluorescence of the hydrogen atom is radiated isot-

ropically and the polarization characteristics disappear.

/21
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International System of Units (SI) and conversion chart

Table 1 SI fundamental unit and supplementary unit

l- R

f- 11 u
_ - n r.1

"4- x_

,,i.. _ s

'_- .,'_ _- " K

tool

"r "_ I cd

,2- ,_,. m m tj_._ q ;7;. ,,
t

I- Quantity

4- Length

7- Electric Current

9- Gram Molecule

12- Solid Angle

15- Second

18- Mol

21- Steradian

2- Names 3- Symbols

5- Mass 6- Time

8- Thermodynamic Temperature

i0- Luminous Intensity

13- Meter

16- Ampere

19- Candela

ii- Plane Angle

14- Kilogram

17- Kelvin

20- Radian

Table 2 Units used together with SI

Z- _,. I_, II I r.m.h, d

_._ _, I" _, I. L

_- I- _" t

'7 W,f-_'Pl:', u

I eV = I.fX_.lS" IO'"J

i- Name

4- Liter

7- Atomic Mass Unit

2- Minute, Hour, Day

5- Ton

8- Symbol

3- Degree, Minute, Second

6- Electron Volt
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Table 3 Derived unit having characteristic name

,'- fhl- la :_ _ I_ l,'_
I: ,,t. 5 ,L__

lno.kj_ ,s;

N_rn:

N-rrl

.,.## $

A.s

%%"A

C 'V

'VAit

,.%%"

_'._

Vi't,. it,:

%%"b'.%

¢1t - or"

lrri hi

J;kg

J_

i- Quantity

2- Name

3- Symbol

4- Expression with

other SI units

5- Frequency

6- Force

7- Pressure, Stress

8- Energy, Work,

Quantity of heat

9- Power, radiation

flux

I0- Quantity of elect-

ricity, Electric charge

11- Electric potential,

Voltage, Electro-

motive force

12- Electrostatic capacity

13- Electric resistivity

14- Conductance

15- Magnetic flux

16- Magnetic flux density

17- Inductance

18- Celsius temperature

19- Luminous flux

20- Luminance

21- Radioactivity

22- Absorbed dose

23- Duse equivalent

24- hertz

25- newton

26- pascal

27- joule

28- watt

29- coulomb

30- volt

31- farad

32- ohm

33- siemens

34- weber

35- tesla

36- henry

37- Degree celsius

38- lumen

39- lux

40- becquerel
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Table 4 Units provisionally maintained with SI

- ,, _, bar

- _ n, Gal

- • • q - J t',

- :. F i rad

I A= 0.1 m-n- |n'"m

1 b- lOBfm" lO" _ m

I h_r=O.! _4Pn - lc':pa

I (.al " I r..-n.'._ _ ]o- m %

: ('i - ;;,7, IO" Bq

I R -_._, iO 'C.k_

Irad 1_g,_ _1'i' G_

I- Name

4- barn

7- curie

i0- rem

2- Symbol

5- bar

8- roentgen

3- angstrom

6- gal

9- rad
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Table 5 Si Prefix

CRIGINAL PAGE IS

OF POOR QUALITY

• i

E10" 9 p

IO'_ "Y T

,o. "1
I0' " "J _. M
I0' k

I0' "-_ " h|0' _ de
i

I0 ' 2_. . d

IU: "_" • + e

10" I_._ '! m
d

10 " [_c, t" _ ,, ,.,
I

I0-"_/_, L _ f

•. tO"" ['q_' I, •

1- Multiple

4- exa

7- giga

i0- hecto

13- centi

16- nano

19- atto

2- Prefix

5- peta

8- mega

ii- deca

14- milli

17- pico

3- Symbol

6- tera

9- kilo

12- deci

15- micro

18- femto
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(Note)

I. Table 1 to 5 are according to "International System of Units" Edition No. 5

in 1985 by the International Committee of Weights and Measures except the

values of leV and lu are according to CODATAof 1986.
2. Table 4 should include nautical mile, knot, are and hectare but were omitted

in this paper.

3. The "bar" is classified in the category of Table 2 in JIS only in the case

that it indicates pressure of fluid.

4. The "bar", "barn" and the unit for blood pressure "mmHg"are classified

in the category of Table 2 according to the ECCabinet board of directors.
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Conversion Chart

1- Force

Viscosity 1Pa-s(N's/mm_)=lOP(poise)(gf(cm's))2-

3- Kinematic viscosity 1 m_/s=lO6s(Stokes)(cm_/s)

4- Pressure

5- Energy, Work, Quantity of heat

6- cal (Weight and Msasure Act)

7- 1 cal=4.

=4.

=4.

---4.

18605 J (Weight and Measure Act)

184 J (Thermochemistry)

1855 J (15°C)

1868 J (International Steam Table)

8- Power= 1 ps (power)

=75 Kgf'm/s

=725.499 w

9- Radioactivity

10- Absorbed dose

11- Exposure

12- Duse equivalent

13- (As of December 26, 1986)
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